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ABSTRACT

Multi-junction solar cells offer extremely high power conversion efficiency with minimal semiconductor material usage,
and hence are promising for large-scale electricity generation. However, suppressing optical reflection in the UV regime
is particularly challenging due to the lack of adequate dielectric materials. In this work, bio-inspired antireflective structures
are demonstrated on a monolithically grown Ga0.5In0.5P/In0.01Ga0.99As/Ge triple-junction solar cell, which overcome the
limited optical response of reference devices. The fabricated device also exhibits omni-directional enhancement of
photocurrent and power conversion efficiency, offering a viable solution to concentrated illumination with large angles
of incidence. A comprehensive design scheme is further developed to tailor the reflectance spectrum for maximum
photocurrent output of tandem cells. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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1. INTRODUCTION

Multi-junction solar cells (MJSC) hold niche applications in
the aero-space industry because of their high power conver-
sion efficiency (PCE), light weight, and radiation resistance
[1–3]. However, their high manufacturing cost has precluded
them from use in terrestrial power generation. Recently, with
the advent of epitaxy and the development of concentrators,
the MJSCs have emerged as the most prominent technology
for large-scale electricity generation, where the initial
production cost can potentially be compensated by the high
efficiency and minimal material usage [4]. Record efficien-
cies up to 43.5% have recently been reported from metamor-
phic and lattice matched triple junction solar cells under
concentrated illumination [5,6]. In comparison, it would
require roughly 100 times the material surface area to gener-
ate the same amount of power using silicon photovoltaic
technology with an efficiency of 16% [7].

A basic MJSC device is modeled by series connected p–n
diodes with material bandgaps engineered to absorb different
portions of the solar spectrum. The wide absorption range

can span wavelengths from 300 to 1800 nm for an InGaP/
GaAs/Ge triple-junction solar cell (TJSC). However, the
output current coming out of the device is ultimately limited
by the smallest photocurrent generated by each sub-cell.
Therefore, photon absorption must be taken into account to
balance the current generation among sub-cells to maximize
the PCE, commonly known as current matching. Conven-
tional MJSCs utilize multiple dielectric thin film coatings
with a graded refractive index (GRIN) profile for antireflec-
tion [8]. However, suppressing optical reflection in the UV
regime is particularly challenging due to the lack of adequate
dielectric materials with very low refractive indices, which in
turn restricts the photogenerated current from the top cell [9].
In addition, issues related to material selection and thermal
constant mismatch under concentrated illumination also
hinder the performance of thin-film based antireflective
coatings (ARCs). Over the past few years, bio-inspired
nanostructures have demonstrated broadband antireflection
characteristics because of sub-wavelength scale features that
collectively function as a GRIN medium to photons [10–18].
The structures can be fabricated with a single-type material,
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which guarantees both optical design robustness and me-
chanical durability. Moreover, refractive index engineering
is also achievable via control of the side wall profiles,
opening many possibilities for a variety of applications in
optics and optoelectronics [19–22]. These characteristics
are very desirable in MJSCs in order to fully exploit their
wide absorption range and strict operation conditions. Yet,
surface recombination and current matching issues arising
from patterning still challenge the realization of biomimetic
nanostructures on a few micrometer thick epitaxial layers
for MJSCs. Herein, we demonstrate bio-inspired antireflec-
tive structures incorporated into a monolithically grown
In0.5Ga0.5P/In0.01Ga0.99As/Ge TJSC, which show a remark-
able reduction of optical reflection in the UV regime. Such
an improvement is hardly attainable with common thin-film
coatings. Accordingly, the photocurrent and PCE achieve
11.6mA/cm2 and 25.3%, respectively under one-sun Air
Mass 1.5, Globe (AM1.5G) illumination, which are superior
to those of control devices because of an alleviated current-
matching condition. Moreover, the nanostructured device
also exhibits omnidirectional photocurrent enhancement,
which is ideal for concentrator operation at large acceptance
angles. Finally, a reflectance engineering approach, based on
a rigorous coupled wave analysis (RCWA), is demonstrated
to maximize the current output of a TJSC with biomimetic
nanostructures, paving the way for their deployment in
concentrator photovoltaics.

2. EXPERIMENTAL METHODS

The tandem solar cell used in this work was composed of
an In0.5Ga0.5P top-cell, an In0.01Ga0.99As mid-cell, and a
Ge bottom cell, which were connected by tunneling diodes
and monolithically grown on a p-type Ge substrate (see
Supporting Information for the full epitaxial structure).
As illustrated in Figure 1, the process consists of five steps:
(1) Definition of the GaAs ohmic layer using selective
etching of ammonia between the cap GaAs and the
Al0.5In0.5P window layers for the frontal electrode. (2)
Deposition of 1-mm-thick SiNx using plasma-enhanced

chemical vapor deposition (PECVD) for surface protection
and the fabrication of sub-wavelength structures. The SiNx

layer has a refractive index of around 1.9 and a nearly-zero
extinction coefficient, as characterized by an n&k analyzer
(N&K Technology 1200, Sta. Clara, CA, USA). The layer
was subsequently treated with oxygen plasma for a hydro-
philic surface. (3) Spin-cast of polystyrene nanospheres on
SiNx as the sacrificial mask. A suspension mixture contain-
ing nanospheres in solution with water and ethanol at
1:1wt% was applied to the substrate, followed by a two-
step spin coating process (500 rpm 10 s, 2000 rpm 20 s).
Nearly close-packed monolayer arrays with areas up to
5 cm in diameter were formed on the surface because of
self-assembly. (4) Applying inductively-coupled reactive
ion etching (ICP-RIE) to fabricate the nanostructures.
The operating condition include an RF frequency and bias
power of 13.56MHz and 100W, respectively, at 30mTorr
chamber pressure for 8.5min under a gas mixture of CHF3
and O2 = 10:30 sccm through individual electronic mass
flow controllers. A higher chamber pressure lowers the
etch rate and results in rougher surfaces. However, the
overall etch rate is mostly determined by the gas flow rate
and bias power. The ratio of gas flow controls the lateral etch-
ing and hence influences the side wall profile considerably.
Therefore, by collectively controlling these parameters, we
can achieve the engineering of the sidewall profile. (5)
Removal of the undesired nanostructures with an additional
lithography step to expose the GaAs ohmic layer for the
evaporation of metal contacts. The fabricated devices were
then dissected into tiles with a 0.55� 0.55 cm2 surface area
and a 5.6% metallic shadow ratio. The average device proces-
sing time is aprroximately 40h using university facilities.

The reflectance spectra were performed with a UV/
Visible/NIR spectrophotometer (Hitachi U4100, Hitachi
Ltd., Tokyo, Japan) with a built-in integrating sphere at
10 irradiance incidence. The angle-resolved reflectance
spectroscopic system utilized a custom-built 15-cm radius
integrating sphere with a motor-controlled rotational sam-
ple stage and a spectrometer (SPM-002-ET, Photon-control
Inc., Burnaby, BC, Canada) to obtain the reflective
spectrum with respect to different incident angles. The

InGaAs mid-cell
InGaP top cell 

Ge bottom cell

GaAs ohmic SiNx

(i) Patterning GaAs ohmic (ii) Deposition of  SiNx

(iii) Polystyrene colloidal lithography(iv) Reactive ion etching(v) Metal evaporation

Figure 1. Schematic illustration of the fabrication of a multi-junction solar cell with SiNx-based sub-wavelength structures.
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system was calibrated by the reflective spectrum of a
NIST-standard; intrinsic Si at normal incidence.

Due to the unavailability of an AM1.5D solar simulator
and calibrated cell, the current-voltage properties were
characterized under a simulated AM1.5G illumination at
a standard test condition (25 �C, 1000W/m2). The spec-
trum of the solar simulator was measured by a calibrated
spectroradiometer (Soma S-2440) in the wavelength range
of 300–1100 nm. Before measurement, the intensity of the
solar simulator was calibrated with a mono-crystalline
silicon reference cell with a 2� 2 cm2 illumination area
(VLSI Standards, Inc.). The omnidirectional property was
examined by mounting cells on a customized rotatable
chuck, and the photovoltaic performances were carried
out under oblique AM1.5G conditions. The maximum
measured angle is accurate up to 80�.

The external quantum efficiency (EQE) system employed a
300W Xenon lamp (Newport 66984) light source and a
monochromator (Newport 74112) with three gratings that
cover the spectral range from 325 to 2700nm. The beam spot
at the sample was rectangular, measuring roughly 1� 3mm2.
An external light and voltage bias was used to select the
junction for measurement. A calibration measurement was
obtained at the beginning of each day using a calibrated silicon
photodetector (Newport 818-UV) and a germanium photode-
tector (Newport 818-IR). The EQE measurement was
performed using a lock-in amplifier (Standard Research
System, SR830), an optical chopper unit (SR540) operated
at 260Hz chopping frequency, and a 1-ohm resistor in shunt

connection to convert the photocurrent to voltage. The
temperature of the cells during the measurements was
actively controlled to be at 25� 1 �C.

3. RESULTS AND DISCUSSION

Figure 2(a) shows a photograph of polystyrene nano-
spheres self-assembled onto a 2-inch Ge wafer, where the
grating-like color dispersion demonstrates the excellent
periodicities present over the entire substrate. Figure 2(b)
demonstrates the nearly close-pack monolayer assembly
in large grains, which extends over a few micrometers. De-
spite the fact that the grain boundaries may seem defective
in the formation of sub-wavelength structures at a large
scale, the short range sixfold hexagonal symmetry actually
mimics the arrangement of a moths’ corneas, which adopt
a random aperiodic domain structure without long range
order [23,24]. The unique formation of domain arrays in
moth eyes may deliberately contribute to their antireflec-
tive properties to a broad spectrum. The etching profile of
sub-wavelength structures was controlled by tuning the
ratio of gas flow, chamber pressure, and etching time
cooperatively during RIE [25], as shown in the titled
surface and cross-sectional scanning electron micrographs
in Figure 2(c) and (d), respectively. Because the polysty-
rene nanospheres were also shrinking during the plasma
etching, the fabricated sub-wavelength structures exhibit
a smooth gradient side-wall profile, which resembles

(d) 200 nm

(a)

(c) 1 µm

(b) 10 µm

Figure 2. (a) Photograph of a two-inch Ge wafer with self-assembled polystyrene nanospheres showing uniform color dispersion.
(b) Scanning electron micrographs of nearly close-packed monolayer arrangement of nanospheres with aperiodic domain structures,

(c) tilted top view and (d) cross-sectional view of the fabricated sub-wavelength structures after reactive ion etching.
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moth-eye structures with a pitch of 600 nm and a depth of
approximately 900 nm, determined by the nanosphere
diameter and etching time, respectively. Finally, it can be
seen in Figure 2(d) that approximately 100-nm-thick SiNx

was left un-etched to protect the exposed window layer sur-
face of the top cell. The fabricated and control devices then
underwent a series of optical and electric characterizations.

The optical reflectance spectra of the fabricated solar
cells with bio-inspired sub-wavelength structures and with
an 80-nm-thick SiNx single-layer ARC were measured
using an integrating sphere at 10� illumination incidence,
and the results are plotted in Figure 3(a). It can be seen that
the single-layer ARC exhibits very low-level reflection
between the wavelengths of 500–700 nm due to destructive
interference. On the other hand, the spectral response of the
sub-wavelength structures is much flatter than the single-
layer ARC. Overall, the net reduction of the absolute
reflectance in UV can be as high as 35% at 310 nm wave-
length, which is rarely achievable with available thin film
coatings. The reflection suppression in the near-infrared
also reaches around 10%, giving rise to an increased
photocurrent from the middle and bottom sub-cells.
Overall, the SiNx-based sub-wavelength structures exhibit a
superior AM1.5D-spectrum-weighted reflectance of 7.1%
over the single-layer ARC of 9.4% in the 300–1700 nm
wavelength range. We note that the level of optical reflection
from the nanostructured surface is currently limited by the re-
fractive index of SiNx, where the GRIN profile can only

be varied from n=1 to n=1.9. Hence, the antireflective
properties could be further improved by fabricating sub-
wavelength structures on a surface protection material with
a refractive index close to that of the In0.5Ga0.5P top cell
(n~ 3.4) to facilitate light transmission [26].

Next, we analyze the optical properties of the biomimetic
nanostructures using angle-resolved reflectance spectroscopy.
Themeasurements utilize an integrating sphere to capture both
the specular and diffusive components of optical reflection
from the surface of the control and nanostructured devices.
As shown in Figure 3(b), the TJSC with a single-layer ARC
suffers from a high reflection loss in the UV and near-infrared
wavelength ranges, which further deteriorates for angles of
incidence larger than 60�. In contrast, the reflectance map
presented in Figure 3(c) displays the broadband and
omni-directional antireflective properties from the nano-
textured surface. To clarify the origins of the finite reflection
loss, we have alsomeasured the specular reflection of the same
sample using an ellipsometer. The specular reflection in the
measured wavelength range of 400–1000nm is negligible.
Therefore, we can conclude that the reflection loss is due to
diffraction and scattering of light.

Before presenting the electric characterization results,
Figure 4(a) shows the photographs of TJSCs with different
antireflective treatments (from top to bottom): no ARC,
single-layer ARC, and sub-wavelength structures. It can be
seen that the nanostructured surface appears nearly black,
compared with the purple color of a single-layer ARC surface.
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Figure 3. (a) The measured reflectance spectra at 10� irradiance incidence for triple junction solar cells with sub-wavelength structures
(SWS) and with a single-layer antireflective coating (SL-ARC). An AM1.5D solar irradiance spectrum is plotted in dashed line for reference.
(b) The angle-resolved reflectance spectra for both devices in the wavelength range of 400nm to 1000nm at an incident angle of 0� to 80�.
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The measured current density–voltage (J–V) characteristics
under a simulated AM1.5G illumination condition are plot-
ted in Figure 4(b), where the three devices exhibit an open-
circuit voltages (Voc) of approximately 2.5V. However, the
short-circuit current density (Jsc) of the TJSC with sub-
wavelength structures achieves 11.6mA/cm2, corresponding
to an enhancement of 24.2% and 2.2% over the devices
without an ARC and with a single-layer ARC, respectively.
Overall, the PCE is considerably increased from 19.9%
without any surface treatment to 25.3% with sub-wavelength
structures, which is also superior to the 24.4% with single-
layer ARC. The considerable improvement in Jsc and PCE
over the bare device mainly arises from the suppressed
surface reflection, instead of passivation due to SiNx. This
is because the surface recombination loss in MJSCs is
primarily mitigated by the epitaxial window layer with a
larger bandgap than that of the active layers to block the
minority carriers. As a result, the enhancement could be
further increased by choosing a sub-wavelength structure
material with a higher refractive index than that of SiNx.
Moreover, the origins of the photocurrent enhancement are
also investigated based on the EQEmeasurement of sub-cells
for the three devices, as shown in Figure 4(c). The EQE spec-
trum is obtained by dividing the number of collected carriers

to the number of incident photons at each wavelength. There-
fore, the product of an EQE spectrum and the solar photon
flux density integrated over wavelengths is proportional to
the output photocurrent of a solar cell [27]. As seen in
Figure 4(c), the Ge sub-cell exhibits the highest integrated
photocurrent than the other two sub-cells for all three devices,
which exclude it from being the current limit junction. There-
fore, we only need to focus on the top two sub-cells and their
antireflective design. First, for the reference device with a
single-layer ARC, the integrated photocurrent from the
InGaP top cell (14.2mA/cm2) is higher than that from the
InGaAs middle cell (12.3mA/cm2), which results from an
over-compensated antireflective design to increase the photo-
current output of the top cell. Such an approach is commonly
seen in commercial devices to overcome the high surface re-
flection in the UV/blue wavelength range. On the other hand,
the nanostructured surface successfully raises the output pho-
tocurrent for the middle cell (12.7mA/cm2) to better match
with that of the top cell (13.6mA/cm2), leading to increased
Jsc and PCE. In addition, although the Ge sub-cell is not the
current-limit junction, the device with sub-wavelength struc-
tures still exhibits a large photocurrent enhancement over the
control devices, offering an improved bottom-cell current for
future tandem cells with different materials and large optical
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Figure 4. (a) Photographs of TJSCs with different antireflective treatments (from top to bottom): no antireflective coating (ARC),
single-layer antireflective coating (SL-ARC), and sub-wavelength structures (SWS), respectively. The exposed nanostructured surface
appears nearly black. (b) The current-voltage characteristics of TJSCs with different surface treatments under a simulated on-sun
AM1.5G illumination condition. (c) The corresponding external quantum efficiency (EQE) of the Ga0.5In0.5P top cell and In0.01Ga0.99As
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absorption. For terrestrial applications of concentrator photo-
voltaics, the solar spectrum of interest is AM1.5D, instead of
AM1.5G. Therefore, we can use the measured EQE spectra
of sub-cells to calculate the output photocurrent under the
AM1.5D spectrum. The respective photocurrent densities gen-
erated from the top and middle cells are 12.4 and 11.3mA/
cm2 for the device with a single-layer ARC, in contrast to
11.9 and 11.7mA/cm2 for the device with sub-wavelength
structures. Therefore, the limit photocurrent output increases
from 11.3 to 11.7mA/cm2, still representing a ~3.5%
enhancement. Furthermore, the angular J–V characteristics
were also measured to verify the impact of omni-directional
antireflection. Figure 5 plots the normalized photocurrent
density as a function of the incident angle, as well as the
relative enhancement factor defined by Equation (1):

Enhancement factor θð Þ ¼ Jsc;SWS θð Þ
Jsc;SLARC θð Þ � 1

� �
� 100%;

(1)

where Jsc,SLARC (θ) and Jsc,SWS (θ) respectively denote the
measured photocurrent density for cells with a single-layer
ARC and with sub-wavelength structures at oblique irradi-
ance. We can see that the normalized angular photocurrent
density with sub-wavelength structures nearly follows the
referenced cosine curve up to 70� due to obliquely incident so-
lar radiation. Such a characteristic indicates little dependence
on the angular reflectance spectrum, R(l,θ), as the angular
photocurrent density Jsc(θ) can be expressed as Equation (2):

Jsc θð Þ ¼ q

Z
IQE lð Þ� 1� R l; θð Þ½ �� BS lð Þ� cosθ½ �dl; (2)

where IQE(l) represents the internal quantum efficiency; BS
(l)cos θ represents the normal component of the photon flux
density of an AM1.5G spectrum at an incident angle of θ
and q is the electric charge. Therefore, besides the result
shown in Figure 3(c), Figure 5 confirms that the

omnidirectional antireflective properties of the nanostructured
surface indeed increase the angular photocurrent. On the other
hand, the angular photocurrent from the control device decays
faster than the sub-wavelength structure, therefore limiting the
PCE at large acceptance angles under concentrated illumina-
tion.With the characterizations of angular reflectance and pho-
tocurrent density, the presented sub-wavelength structures can
certainly enhance the photocurrent output at very oblique
irradiance incidence, which is vital for operation under a
highly concentrated illumination condition. Meanwhile, as
the cell temperature is also very high, the optical design for
thin-film type ARCs may be shifted due to thickness variation
induced by the thermal constant mismatch. On the other hand,
the anti-reflection principle of sub-wavelength structures relies
on the GRIN effect resulting from the structural profile, which
has much less dependence on cell temperature. Looking
forward, because the multi-junction solar cells have very thin
and well balanced thicknesses, it is undesirable to fabricate
nanostructures directly on the epilayers. Therefore, to further
reduce the surface reflection presented in this work, it is
essential to find a substitute material for SiNx with a refractive
index closer to that of the top cell and with a lower optical loss
(ideally zero) for the wavelengths of interest.

Finally, it is also of interest to understand how the
structural parameters of sub-wavelength structures impact
the output photocurrent of a TJSC. A practical design
approach based on an RCWA method has been developed
to first engineer the reflectance of sub-wavelength struc-
tures [25], and then match the current generated from sub-
cells. The theoretical model is validated with the measured
reflectance, which only shows a slight discrepancy for
wavelengths below 450 nm due to material constant
mismatch (see Supporting Information). Because the surface
recombination loss is still quite high inUV, themismatch has
a negligible effect on the calculated photocurrent. Accord-
ingly, the design scheme follows four simple steps:

(i) Calculate the reflectance spectrum, R(l) as a func-
tion of the period and height of sub-wavelength
structures using the RCWA method.

(ii) Obtain the internal quantum efficiency, IQE(l) of
each sub-cell by dividing the measured EQE(l) with
optical absorption, which equals to one minus the
measured reflectance in the desired wavelength range.

(iii) Predict the photocurrent generated by the top and
middle cells with sub-wavelength structures of
different dimensions, denoted as Jsc,top and Jsc,mid

respectively, using Equations (3) and (4):

Jsc;top ¼ q

Z 750nm

320nm
IQEtop lð Þ� 1� R lð Þ½ ��BS lð Þ dl; (3)

Jsc;mid ¼ q

Z 950 nm

550 nm
IQEmid lð Þ� 1� R lð Þ½ ��BS lð Þdl; (4)

(iv) Determine and plot the limited photocurrent using
Jsc =min.[Jsc,top, Jsc,mid].
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As shown in Figure 6, the Jsc is calculated for periodicities
varying from 500 to 900nm and heights from 400 to 900nm.
By taking into account the actual device response, the
calculated photocurrent density (12.0mA/cm2) with a period
and a height of 600 and 900nm is very close to the measured
(11.6mA/cm2) of the fabricated TJSC with sub-wavelength
structures. According to the calculation, the optimized current
density should ideally occur for sub-wavelength structures
with a period of 700 nm and heights between 500 and
600nm. It is worth noting that the parameters for sub-
wavelength structures are highly correlated to the internal
device response and the side wall profile, and hence need to
be re-designed for solar cells made with different materials.
Because the proposed optimization scheme is not tied to any
specific devices/materials, the approach allows the design of
sub-wavelength structures for general tandem cells.

4. CONCLUSION

In conclusion, we demonstrate the incorporation of bio-
inspired nanostructures into a triple-junction solar cell, which
overcomes the limited optical response of cells with a single-
layer antireflective coating. The suppression of optical
reflection in the UV and the omni-directional enhancement
of photocurrent/efficiency characteristics are particularly
remarkable compared with the control devices. By taking
into account the internal device response of sub-cells, we also
demonstrate a comprehensive design scheme to customize
sub-wavelength structures that could fully exploit the
wide-range absorption of multi-junction solar cells.
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internal response of the top and middle sub-cells.
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